With decreasing film thickness the surface may become increasingly more important for the magnetic ordering of ultrathin films. The surface and bulk electronic structure may adopt the role of ''actor'' or ''spectator'' in a ferromagnetic thin film. 1 Electronic structure and its influence will depend in any case, upon electron wave vector 2 and the film thickness. 3 The distinct magnetic properties of the surface as well as the bulk will have significant effects on the finite size scaling behavior of thin films and deviations from the expected finite size scaling behavior 4 
T C ͑ ϱ ͒ϪT
can be expected. 3 If surface magnetism has a prominent ''active'' role in the magnetic ordering of ultrathin films it will influence the critical exponent . There have been a few examples of deviations in the critical exponent in the thin film limit to date. 5 We studied the finite size scaling behavior for increasingly thinner films of strained Gd 6, 7 with spin-polarized photoemission as described elsewhere. 2, 3 The spin-polarized valence-band photoemission spectra of the strained Gd films have distinct features attributable to the surface and the bulk. 2, 3, 8 This permits one to characterize the magnetic behavior of the surface and the bulk separately, 2,3 as has been done for ''unstrained'' Gd͑0001͒. 9 Strained films of gadolinium with an increased lattice constant of approximately 4% have been obtained by growing Gd on a Mo͑112͒ substrate. The half filled 4 f shell of gadolinium results in highly localized moments which couple via ''RKKY-like'' interactions through itinerant valence electron states. The magnetic structure of the system is strongly influenced by the intraatomic 4 f Ϫ(5d,6s) wave function overlap and 5d,6s valence electron itinerancy. 10 The electronic valence-band structure, hybridization, and electron itinerancy are all very sensitive to the lattice configuration. Expansive strain of 4% within the hexagonal closed-packed system substantially alters the electronic and magnetic valence-band structure. 2, 3, 6 The strain results in increased electron localization of the itinerant valence electrons and therefore enhances local moment ferromagnetism.
The thickness dependent Curie temperature of strained Gd, as determined from spin-polarized photoemission, exhibits a decrease with decreasing film thickness, characteristic of finite size scaling behavior. Figure 1 shows the reduced Curie temperature ͓T C (ϱ)ϪT C (d)͔/T C (ϱ) as a function of film thickness d in a logarithmic plot. The data points displayed are for the strained Gd surface ͑᭺͒ ͓T C (ϱ) ϭ370 K͔ and the strained Gd bulk ͑͒ ͓T C (ϱ)ϭ340 K͔. Each data point has been determined from the temperaturedependent exchange splitting and spin polarization of the corresponding spin-polarized photoemission features. While there is a wave vector dependence of the exchange splitting and spin polarization, 2 the Curie temperatures have been deduced from the valence-band spectra with maximum exchange splitting, which is at the Brillouin zone edge. 2 This Brillouin zone point provides the best indicator of T C . For comparison, the data for unstrained Gd͑0001͒ ͑᭹͒ ͓T C (ϱ) ϭ293 K͔ is shown, which has been extracted from magnetic susceptibility measurements by Farle and co-workers for Gd/W͑110͒. 11 In this logarithmic plot the slope of the displayed data points marks the critical exponent of the finite size scaling description of the correlation length, as denoted in Eq. ͑1͒. Clearly the thickness dependence of the reduced Curie temperature for strained thin films of Gd does not follow the expected fixed exponential. A variation of the critical exponent with film thickness is indicated. For film thicknesses of more than approximately 15 monolayers ͑ML͒, the critical exponent is comparable to the one of the unstrained Gd films, as determined by the similar slope. For the ultrathin films (dр15 ML), the slope for strained Gd is reduced by a factor of approximately 4, reflecting a reduced critical exponent and decreased sensitivity to finite size scaling. A variation of the critical exponent similar to the one evident for strained Gd is possibly indicated for the unstrained Gd films at thicknesses of less than approximately 8 ML ͑Fig. 1͒. The limited data points for the ultrathin films (d Ͻ10 ML) that are presented in Ref. 11 make this postulate, however, rather weak. A deviation from the expected finite size scaling behavior is also apparent in Gd/W multilayers for Gd interlayer thickness of less than approximately 15 ML. 12 A crossover from three-to two-dimensionality is possible, 5, 13 but generally dimensionality crossover should result in an increase in the critical exponent 14 -not a decrease as observed here.
Concomitant with the variation of the critical exponent for decreasing film thicknesses, the bulk bands of the strained Gd films become paramagnetic-like over an increasingly larger volume in k-space. 3 The dominance of the surface magnetic ordering in the ultrathin films is indicated in Fig. 2 . Figure 2 plots the exchange splitting ͑top͒ and spin asymmetry ͑bottom͒ of surface ͑open symbols͒ and bulk ͑filled symbols͒ spin subbands as a function of wave vector for a 4 ML thick film ͑left͒ and a 40 ML thick film ͑right͒. While the magnitude of the measured exchange splitting is an indirect indication of the 5d moment, 15 the polarization ͑above background͒ provides insight into the extent of the magnetic activity, Stoner-like magnetism and/or rigid band ferromagnetism.
The exchange splitting of the bulk bands of the 4 ML thick strained Gd films is small throughout the surface Brillouin zone and exceeds the experimental resolution of 0.05 eV only near the zone edge (⌬ ex Ϸ0.07 eV), indicative of minimal Stoner-like ferromagnetism, away from the vicinity of the zone edge Ȳ Љ. There is also no significant polarization ͑above background͒ in the region of the Gd bulk bands well away from the Fermi level for any wave vector. The bulk bands of the 4 ML thick Gd films exhibit the paramagneticlike behavior expected with direct contact to a ferromagnet. For the 40 ML thick films, the magnetic ordering of the bulk bands follows a distinct wave vector dependence with negligible exchange splitting at the zone center ⌫ and substantial exchange splitting of approximately 0.25 eV near the zone edge M . The spin asymmetry behaves similarly with minimal asymmetry at ⌫ and large polarization at M . The wave vector dependent exchange splitting of the thicker strained Gd films suggests a change from paramagnetic-like behavior at the Brillouin zone center to Stoner-like magnetism at the zone edge.
The magnetic ordering of the surface behaves differently from that of the bulk. The exchange splitting of the surface state of the 4 ML thick Gd films is of the order of 0.25 eV with little variation for different wave vectors. The spin polarization in the region of the surface sensitive states approaches approximately 17% ͑above background͒. The large spin asymmetry and relatively small exchange splitting is indicative of predominantly rigid band magnetism with some Stoner-like ferromagnetic contributions, largely independent of wave vector. This is in contrast to the strong wave vector dependence of the magnetic behavior of the thicker films ͑40 ML͒. The surface state exchange splitting is large at the Brillouin zone center (⌬ ex Ϸ0.45 eV) and at the Brillouin zone edge (⌬ ex Ϸ0.57 eV). The minimum in the exchange splitting of the surface feature at the Brillouin zone interior (⌬ ex Ϸ0.10 eV) has been attributed to a wave vector dependent change from a surface state ͑zone center and zone edge͒ to a surface resonance ͑zone interior͒. 2 This dip of the surface exchange splitting is reflected in the spin asymmetry, which reduces to 4% in the Brillouin zone interior as compared to 10% at the zone center and 12% at the zone edge.
With decreasing film thickness the region of the Brillouin zone in which the bulk bands are paramagnetic becomes increasingly larger and the surface magnetic ordering increasingly dominant, characterized by diminishing Stonerlike magnetism and strengthened rigid band magnetism. At the same time the bandstructure of the strained Gd films changes significantly. The bulk bands of the thicker films are dispersive with a bandwidth w of approximately 1.6 eV, in contrast to the ultrathin films which appear nearly dispersionless (wр0.15 eV). This has substantial consequences for the coherence length which can be estimated as l Ϸͱw/k B T C a. 16 Considering that there is a change in the bandwidth w of a factor of approximately 10 with decreasing film thickness, the bulk electron coherence length in the ultrathin films is expected to be much shorter as compared to the thicker films. The surface state electrons of the strained Gd films are considerably more localized as compared to those of the bulk bands, which is reflected in the narrow bandwidth of wр0.2 eV, which is even smaller for the thinner film thicknesses. As a result, the magnetic structure of the increasingly thinner strained Gd films are governed by an RKKY interaction that is of increasingly shorter electron coherence length. Finite size effects may become less influential for decreased electron coherence lengths well away from T C . In any case, the surface state exchange splitting is large at the Brillouin zone center where the band structure is most sensitive to long range order. Some bulk bands exhibit the smallest exchange splitting at zone center. This indicates that the surface may increasingly dominate the thin film magnetism. A deviation from finite size scaling in terms of a reduced critical exponent is expected and consistent with our thickness dependent critical temperature data ͑Fig. 1͒. For the limit of 5d valence electrons that are highly localized, polarized only by the local 4 f moments ͑which themselves do not have to be aligned, due to spin wave excitations͒, the electron coherence length becomes negligible and a vanishing critical exponent (→0) is expected for the thin film limit (d→1), a change distinct from dimensionality effects.
The reduced critical exponent for the ultrathin films is consistent with the magnetic behavior observed in free Gd clusters by Douglass et al. 17, 18 Gd clusters of different sizes exhibit very similar magnetic moments per atom ͑although substantially reduced from that of the bulk gadolinium value͒. More importantly the Curie temperatures of these small Gd N clusters (Nϭ10-92) are even larger than that of bulk gadolinium. Clearly, finite size scaling behavior fails in the physical world of small clusters and a trend of →0 as N→1 is indicated. Indeed ferromagnetic monolayers at finite temperature are known and routinely observed in the thin film limit of ultrathin films. Cluster studies indicate that the atomic coordination number may have significant influence on the magnetic behavior, and are an example of a catastrophic failure of finite size scaling behavior.
In the thin film limit, the apportionment of relative roles in the magnetic ordering of surface and bulk becomes very important for the description of the finite size scaling behavior. For strained Gd films, the short electron coherence length of the RKKY interaction is dominating the magnetic behavior of the ultrathin films, with the result of a substantially reduced critical exponent . There is no a priori reason why this behavior should be restricted to the strained Gd films grown on a Mo͑112͒ substrate. In fact a similar behavior is anticipated in the ''relatively unstrained'' Gd͑0001͒ ultra-thin films grown on W͑110͒, although experimental confirmation does not as yet exist.
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